New physics search with flavour in the LHC era* 



Tobias Hurtl£D 

PRISMA Cluster of Excellence & Institute for Physics (THEP) 
Johannes Gutenberg University, D-55099 Mainz, Germany 

Farvah MahmoudU] 

CERN Theory Division, Physics Department, CH-1211 Geneva 23, Switzerland 
Clermont Universite, Universite Blaise Pascal, CNRS/IN2P3, 
LPC, BP 10448, 63000 Clermont-Ferrand, France 

We give a status report on quark flavour physics in view of the latest data from the B factories 
and the LHC, and discuss the impact of the latest experimental results on new physics in the MFV 
framework. We also show some examples of the implications in supersymmetry. 



Contents 



I. 


SM and new physics flavour problems 


i 


II. 


Latest measurements at hadron colliders 


4 




A. New physics in B q — B q mixing (q=d,s)? 


4 




B. Angular observables in B — >• K*£+£~ 


5 




C. Implications of the latest measurements of 






B s -> nn 


6 


III. 


Latest news from the B factories 


8 




A. News on inclusive penguins? 


8 




B. New physics in B — >• rvl 


9 


IV. 


MFV benchmark 


9 


V. 


Outlook and future opportunities 


M 




Acknowledgement 


M 




References 


M 



I. SM AND NEW PHYSICS FLAVOUR 
PROBLEMS 

At the end of the B factories at SLAC (BaBar experi- 
ment) PQ and at KEK (Belle experiment) [2 and of the 
Tevatron B physics experiments [H [4] , all present mea- 
surements in flavour physics are consistent with the sim- 
ple Cabibbo-Kobayashi-Maskawa (CKM) theory of the 
Standard Model (SM). The recent measurements by the 
high-statistics LHCb experiment [5] have not changed 
this feature. Of course there have been and there are 
still so-called tensions, anomalies, or puzzles in the quark 
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flavour data at the 1-, 2-, or 3-<r level, however, until now 
they all have disappeared after some time when more 
statistics had been collected. 

Thus, at least at present all flavour- violating processes 
between quarks are well-described by a 3 x 3 unitarity 
matrix, usually referred to as the CKM matrix [7], 
which is fully described by four real parameters, three 
rotation angles and one complex phase. It is this complex 
phase that represents the only source of CP violation in 
the SM and that allows for a unified description of all the 
CP violating phenomena. This is an impressing success 
of the SM and the CKM theory. 

It can be illustrated by the over-constrained triangles 
in the complex plane which reflect the unitarity of the 
CKM matrix, see Figure [I] Some historical CKM fits in 
Figure [2] illustrate the great success of the B factories. 
A closer look on the constraints is even more impress- 




FIG. 1: Constraints in the (p,rj) plane. The red hashed region 
of the global combination corresponds to 68% C.L. 8 

ing: the constraints induced by CP conserving and by 
CP violating observables are fully consistent with each 
other (see Figure |3|. Moreover, the tree- level observ- 
ables which are in general assumed not being affected by 
new physics effects provide constraints which are fully 
consistent with the ones obtained from loop-induced ob- 
servables (see Figure [4| . Especially this feature has been 
somehow unexpected because in principle (loop-induced) 
flavour changing neutral current (FCNC) processes like 
B — » X s j offer high sensitivity to new physics (NP) due 
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f = 13Q ± SD MeV , b3_ = 1 .O ± 0.2 . B = O.H ± 0.2 
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FIG. 2: Some historical CKM fits of Ali and London, 1995 (left), of Plazczynski and Schune, 1999 (right). 
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FIG. 3: Constraints from CP conserving (left) 
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FIG. 4: Constraints from "Tree" (left) 

to the simple fact that additional contributions to the de- 
cay rate, in which SM particles are replaced by new par- 
ticles such as the supersymmetric charginos or gluinos, 
are not suppressed by the loop factor a/An relative to 
the SM contribution, see Figure [5] 

It is worth mentioning that there is much more flavour 
data not shown in the unitarity fits which confirms the 
SM predictions of flavour mixing like rare decays. This 
success of the CKM theory was honoured by the Nobel 
Prize in physics in 2008. 

The absence of any unambiguous sign for NP in the 
flavour data but also in the high-p T data of the AT- 
LAS and CMS experiments [9j [10] guides our attention 
to the well-known flavour problem of NP: in the model- 
independent approach using the effective electroweak 
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and CP violating (right) quantities only [§]. 
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and "Loop" (right) quantities only [5]. 

Hamiltonian, the contribution to one specific operator Oi 
can be parametrised via (Cg M / Mw + C^p / Anp) x Oi 
where the first term represents the SM contribution at 
the electroweak scale Mw and the second one the NP 
contribution with an unknown coupling C^ P and an un- 
known NP scale Anp- The non-existence of large NP 
effects in FCNC observables in general asks for an expla- 
nation why FCNC are suppressed. This famous flavour 
problem of NP can be solved in two ways: either the 
mass scale of the new degrees of freedom Anp is very high 
or the new flavour- violating couplings C^ P are small for 
(symmetry?) reasons that remain to be found. For exam- 
ple, assuming generic new flavour- violating couplings of 
O(l), the present data on K-K mixing implies a very high 
NP scale of order 10 3 -10 4 TeV depending on whether the 
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FIG. 5: Loop-induced B — > X s j decay via the SM particles, W~ boson and top quark t (left), via new particle, namely charged 
Higgs H~ and top quark t (middle), or via new supersymmetric particles, chargino x~ an d stop t (right) . 



new contributions enter at loop- or at tree-level. In con- 
trast, theoretical considerations on scale hierarchies in 
the Higgs sector, which is responsible for the mass gen- 
eration of the fundamental particles in the SM, call for 
NP at order 1 TeV. But any NP below the 1 TeV scale 
must have a non-generic flavour structure. 

These considerations also imply that FCNC decays 
provide information about the SM and its extensions 
via virtual effects to scales presently not accessible by 
the direct search for new particles (for reviews see 
Refs. [TTJ [H]). Thus, the information offered by the 
FCNC is complementary to the one provided by the high- 
Pt experiments ATLAS and CMS [T3J [14]. It is also 
obvious, that the indirect information on NP by FCNC 
(even if SM-like) will be most valuable when the gen- 
eral nature of NP will be identified in the direct search, 
especially when the mass scale of NP will be fixed. 

Indeed, in the SM the Glashow-Iliopoulos-Maiani 
(GIM) mechanism, small CKM elements and often he- 
licity, all suppress FCNC processes. These suppression 
factors stem from the particle content of the SM and the 
unexplained smallness of most Yukawa couplings and are 
absent in generic extensions of the SM. Hence FCNCs 
are an excellent testing ground to probe new physics up 
to scales of 100 TeV, depending on the model. More- 
over, CP violation in flavour- changing transitions of the 
SM is governed by a single parameter, the phase of the 
CKM matrix, so that the SM is highly predictive about 
CP physics. Certain CP asymmetries are practically free 
of hadronic uncertainties, which permits the extraction 
of fundamental CP phases from experiments with high 
accuracy. Thus, CP physics is a powerful tool to probe 
extensions of the SM, which generically involve many new 
CP phases. 

As a consequence, the present data of the B physics 
experiments already imply significant restrictions for the 
parameter space of new physics models - as we will ex- 
plicitly show below - and lead to important clues for the 
direct search for new particles and for model building 
beyond the SM. 

Thus, the CKM mechanism is the dominating effect 
for CP violation and flavour mixing in the quark sector; 
however, there is still room for sizeable new effects and 
new flavour structures because the flavour sector has only 
been tested at the 10% level especially in the b — s sec- 
tor. Moreover, the Standard Model does not describe the 
flavour phenomena in the lepton sector due to the exis- 
tence of neutrino masses, a property not described by the 



SM. 

Furthermore, while the gauge principle governs the gauge 
sector of the SM there is no guiding principle in the 
flavour sector: the CKM mechanism (three Yukawa SM 
couplings) provides a phenomenological description of 
quark flavour processes, but leaves the significant hier- 
archy of the quark masses and the mixing parameters - 
observed in experiment - unexplained. This problem is 
often referred to as the flavour problem of the SM. 

The Randall-Sundrum model is a popular approach to 
this SM flavour problem. The hierarchy of the flavour 
parameters can be explained by the special geometrical 
settings of the model. In addition the so-called gauge- 
hierarchy problem in the Higgs sector finds a natural ex- 
planation in this model [T5HT7] . 

The SM flavour problem is also reflected in the fact 
that many open fundamental questions of particle physics 
are related to flavour: 

• How many families of fundamental fermions are 
there? 

• How are neutrino and quark masses and mixing 
angles generated? 

• Do there exist new sources of flavour and CP vio- 
lation? 

• Is there CP violation in the QCD gauge sector? 

• Are there relations between the flavour structure in 
the lepton and quark sectors? 

There is already experimental evidence beyond the SM 
which is partially connected to flavour physics: the exis- 
tence of dark matter, the non-zero neutrino masses, and 
the baryon asymmetry of the universe; the latter implies 
the need for new sources of CP violation beyond the one 
offered by the SM. This provides an important link be- 
tween particle physics and cosmology. 

In the following sections, we discuss the latest key mea- 
surements by LHCb, the B factories, and the Tevatron 
experiments. 
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FIG. 6: B q — B q mixing governed by the box diagram. 
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FIG. 7: CP violating through interference of decay with and 
without mixing in the two golden modes of the Bd and B s 
system. 



II. LATEST MEASUREMENTS AT HADRON 
COLLIDERS 

A. New physics in B q — B q mixing (q=d,s)? 

The meson- ant imeson oscillation is governed by two 
parameters, the mass difference (AM) of the two physical 
eigen states Bh and Bl and the decay rate difference 
(AT): 

AM := M H - M L = 2\M 12 \ , (1) 

Ar := r L -r^ = 2|r 12 |cos$. (2) 

IM12I corresponds to the dispersive part of the box dia- 
gram in Figure [6] which is sensitive to new heavy parti- 
cles while Ti2 corresponds to its absorptive part which is 
sensitive to the light internal particles, and, thus, often 
assumed to be insensitive to NP. Possible NP effects can 
be parametrised by the complex parameter A q (q = d,s): 
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12, q 
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x A q in a model-independent way. There 



are several observables which are sensitive to the NP 
phase arg(A q ) = <£^, for example AM q and A|r g | = 
2|ri 2j g| x cos($^ M + But also the golden modes 

Bd J/^K® and B s -» J/^<£ are sensitive to the NP 
phases. The corresponding CP violating phases in the 
SM p$M are modified via 2/?£ M + and 2/3f M - . 

As illustrated in Figure [7| the CP violating phase in 
B s J/^$ is very small in the SM [18]: 
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-arg ((VM) 2 /W»VS) 2 ) = (2.1 ± 0.1)°. (3) 
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FIG. 8: HFAG 2012 combination of 6 S and Ar s results [59]. 



LHCb has reported a measurement of this small an- 
gle [19] which is fully consistent with the SM prediction 
and also consistent with the previous measurements of 
CDF and DO. In addition, LHCb has resolved the two- 
fold ambiguity [20] and reported their first measurement 
of Ar s which confirms the Heavy Quark Expansion pre- 
diction: 



and 



Ar s (LHCb) 
Ar s (HFAG) 
Ar s (SM) 



s(LHCb) 
3 (HFAG) 

s (SM) 



(0.116 ± 0.019) ps- 1 , [19 (4) 
(0.105 ± 0.015) ps- 1 , [59 (5) 
(0.087 ± 0.021) ps" 1 , [21, (6) 



(-0.001 ± 0.104) rad, [19] (7) 
(-0.044™) rad, [59] (8) 
(-0.036 ± 0.002) rad. [21] (9) 



Thus, NP contributions in the mixing of the B s system 
are disfavoured by the present data (see Figure [8]). 

Furthermore, the semi-leptonic asymmetries offer an 
independent test of NP physics in B q — B q mixing. In 
the presence of NP they get modified via 
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(10) 



DO had measured the dimuon charge asymmetry to dis- 
agree with the SM prediction by 3.9a [2T|l22]: 

(11) 
(12) 



A b sl (D0) = -(7.87 ± 1.72 ± 0.93) x 10" 3 , 
A b sl (SM) = -(0.28±g;gg) x 10" 3 , 



where A b sl is a linear combination of the semi-leptonic 
asymmetries a d sl and a s sl . As was argued in Ref. [23 , the 
central value of the DO measurement is larger than the- 
oretically possible. More recently, there are also direct 
measurements of a s sl and a d sl by DO [24] which in com- 
bination with the dimuon charge asymmetry still leads 
to a 3<T deviation from the SM prediction, see left plot 
of Figure [9] In contrast, the first LHCb measurement 
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FIG. 10: New physics in Bd — Bd (left) and in B s — B s (right) mixing: fit result for the complex parameters A^ and A s , 
respectively. The red area shows the region with C.L. < 68.3% while the two additional contour lines inscribe the regions with 
C.L. < 95.45% and C.L. < 99.73%, respectively [8]. 



of a s sl [25] and the measurement of a^ t by the B facto- 
ries [59] are nicely compatible with the SM predictions, 
see right plot of Figure [9] Obviously, there is a slight ten- 
sion between the two data sets which calls for improved 
measurements. 

Finally, we mention that within the model-independent 
analysis of NP in Bd — Bd mixing, a 1.6<j deviation is ob- 
tained for the 2-dimensional SM hypothesis A^ = 1. Fig- 
ure |l0] shows the fit result for the complex parameter A^. 



in the global CKM fit (see subsection III B ). We also state 



It is worth mentioning that a NP phase < would 
resolve the slight tension between BK(B — >• rv) and sin j3 



that in the B s system the CKMfitter group finds a 0.2a 
deviation for the corresponding SM hypothesis A s = 1, 
see Figure 10 A detailed discussion can be found in [26 . 



B. Angular observables in B — »> K*£^~£ 

The semi-leptonic decay B — >> K*£ + £~ is mediated by 
electroweak loop diagrams in the SM and can receive 
large enhancements from NP. It gives access to a vari- 
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FIG. 11: Kinematic variables in 5 ^ K*l + t 



ety of angular observables and hence offers a rich phe- 
nomenology. From the theoretical point of view, exclu- 
sive modes suffer from large hadronic uncertainties due 
to the form factors. One has to find strategies to reduce 
this form factor dependence by considering appropriate 
ratios. On the contrary, the experimental measurements 
are easier here as compared to the case of inclusive modes. 

Two kinematic regimes are considered in order to avoid 
the narrow cc resonances. In the region where the dimuon 
invariant mass squared, <? 2 , is small (1 < q 2 < 6 GeV 2 ) 
the decay is described by the Q CD-improved Factori- 
sation (QCDF) and the Soft-Collinear Effective Theory 
(SCET). In the high q 2 region (q 2 > 14 GeV 2 ) on the 
other hand the Operator Product Expansion (OPE) is 
used. As the theoretical treatments in the low- and high- 
q 2 regions are based on different theoretical concepts, the 
consistency of the consequences from the two regimes al- 
lows for important cross checks. 

The angular distribution of B -> K*£ + £~ with K* — » 
K+tt~ can be fully described in terms of four kinematic 
variables, the angles Qi,Qk,<\> an d q 2 as shown in Fig- 
There are twelve angular terms appearing in 
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ure 

the differential decay rate that can be exploited experi- 
mentally. The full expressions for these functions can be 
found in [271 EH]. 

Several angular observables, namely the differential 
branching ratio, forward-backward asymmetry (Afb) 
and K* longitudinal fraction (Fl), have already been 
measured by the Belle and BaBar experiments, and also 
CDF and LHCb. In addition, LHCb has also measured 
63 which is related to the asymmetry between the K* 
parallel and perpendicular spin amplitudes, and the value 
of #0 f° r which the differential forward-backward asym- 
metry vanishes. The experimental results as well as the 
SM predictions for these observables are summarised in 
Table [I] They agree within the current errors. 

In the Constrained MSSM (CMSSM), A FB and ql are 
particularly constraining. The CMSSM is governed by 
only five additional universal parameters defined at the 
Mqut scale: the mass of the scalar particles, mo, the 
mass of the gauginos, mi/ 2 , the trilinear coupling, Ao, 
the ratio of the vacuum expectation values of the Higgs 
doublet, tan/3, and finally the sign of the higgsino mass 
term, /i. In Figure [12] the SUSY spread is compared to 
the LHCb 1 and 2a bounds in the CMSSM parameter 



space with tan f3 = 50 and Aq — [29] . 

With 2-3 fb _1 of integrated luminosity, LHCb will 
have the opportunity of performing a full angular anal- 
ysis. This calls in turn for optimised set of observables 
with reduced theoretical uncertainty. In particular, as 
the amplitudes depend linearly on the soft form factors 
at leading order in the low-g 2 region, a complete can- 
cellation of the hadronic uncertainties could be possible 
in leading order, which consequently increases the sen- 
sitivity to new physics. In the high-g 2 region, there are 
improved Isgur-Wise relations between the form factors 
which allow to construct optimal observables. 

Examples of such observables are the transversity am- 
[271 M, (or similarly P lmmm6 [30^ and 



plitudes, A^ 2 ' 3 ' 4 ' 5 ^ 



i?^ 1 ' 2 ' 3 ^ [31]). The sensitivity of A^ } to NP scenarios 
is illustrated in Figure 13 There exist a large number 
of analyses on the NP sensitivity showing the rich phe- 
nomenology of the angular observables 
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Implications of the latest measurements of 

B s -> flfJL 



The rare decay B t 



proceeds via penguin 



and box diagrams in the SM, see Figure 14 It is highly 
helicity-suppressed by a suppression factor vn^jm^ on the 
amplitude level. As a consequence the SM prediction for 
the branching ratio of the decay B s — > is of or- 

der 10 -9 . However, the branching ratio can be much 
larger within specific extensions of the SM. For example, 
the helicity-suppression of the SM contribution leads to 
an enhanced sensitivity to the Higgs-mediated scalar FC- 
NCs within the 2HDM and, especially within the MSSM, 
see Figure 14 These non-standard contributions lead 
to a drastic enhancement in the large tan /3-limit [36]- 
[38] . In the MSSM there is an enhancement factor of 
(tan/3) 3 on the amplitude level. The best upper limit for 
BR(£? S — >• /i + /i~) measured in a single experiment comes 
from LHCb [39]: 



BR(B S /i + /i") < 4.5 x 10" 



(13) 



at 95% C.L. This upper limit is followed by the re- 
sult from CMS, BR(B S < 7.7 x 1(T 9 [40]. 
The CDF collaboration obtains a 95% C.L. upper limit, 
BR(B S /i + /i") < 3.4 x 10" 8 [41 , together with a 
one sigma interval, BR(5 S -» /i + /i") = (1.3^0.7) x 10" 8 , 
coming from an observed excess over the expected back- 
ground. The ATLAS collaboration has announced the 
upper limit, BR(B S /i + /i") < 2.2 x 10~ 8 [42J. The 
combination of LHCb, ATLAS and CMS results leads to 
an upper bound of 4.2 x 10 -9 [43] . 

Very recently, the LHCb collaboration announced the 
first evidence for the decay BR(£? S — > /i + with the 
branching ratio [44] : 



BR(B S 



(3.2t^(stat)t^( S yst)) x lO" 9 . 

(14) 
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FIG. 12: SUSY spread of Afb (left) and the Afb zero-crossing, q$ (right) as a function of the lightest stop mass in the CMSSM 
for tan /3 — 50 and Aq — 0. 
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FIG. 14: Contributions to the rare decay B s -> in the SM (black) and in the MSSM (red). 



This new measurement is a major step which will hope- 
fully be followed by more precise results. The present 
accuracy however does not lead to improved constraints 
on supersymmetry as compared to the one from the pre- 
vious upper limit. Nevertheless, as we will see later, the 
lower bound has consequences on the constraints on the 
Wilson coefficients in the MFV framework. 



All these results are very close to the SM prediction, 
which is BR(B S = (3.53 ± 0.38) x 10" 9 [29]. 

The main theoretical uncertainty comes from the B s de- 
cay constant, which is now in the focus of the lattice 
gauge theory community, see Refs. 



The theoretical prediction does not directly correspond 
to the experimental branching ratio. There are two cor- 
rection factors of O(10%) : one includes the effect of the 
B s — B s oscillation [5TJ [52] , the other takes into account 
effects of soft radiation [53] . 

In an exemplary mode we show the strong restric- 
tion power of this data on the parameter space of the 
CMSSM as presented in Refs. [I3j [54]. In Figure [15. 
taken from Ref. [13] , constraints from flavour observables 
on the CMSSM in the plane (mi/ 2 ,mo) for tan/3 = 50 
and Aq = 0, are shown, in the left with the 2011 results 
for BR(5 S -> /i + /i"), and in the right with the 2012 



8 



2000 n 



CMSSM - tan p=50, A =0 



CMSSM - tan p=50, A =0 




500 1000 1500 2000 
m 1/2 [GeV] 



500 1000 1500 2000 
m 1/2 [GeV] 



FIG. 15: Constraints from flavour observables on the CMSSM in the plane (mi/2,mo) for tan/3 — 50 with 2010 results on 
BR(B S -> (left) and with the 2011 results (right). 
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FIG. 16: Constraints from flavour observables in CMSSM in the plane (m 1 / 2 ,mo) for tan/3 = 30. 



Moriond results. The colour code is as in Figure 16 The 
black line corresponds to the CMS SUSY exclusion limit 
with 1.1 frr 1 of data [55^ and the red line to the CMS 
SUSY exclusion limit with 4.4 flo" 1 of data [56 at 7 TeV. 
One notice that while with more integrated luminosity 
the direct limit is slightly shifted to higher masses, the 
constraining power of the new BR(£? S — >> limit has 

impressively increased and overpassed the direct limit for 
high values of tan f3. 

shows that the rare decay BR(£? 



Figure 
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is mainly sensitive for the large tan (3 region. 



III. LATEST NEWS FROM THE B FACTORIES 

A. News on inclusive penguins? 

The inclusive decay B — >> X s j is a good example to 
confirm the simple CKM theory of flavour mixing in the 
SM, not shown in the CKM unitarity fit. While non- 
perturbative corrections to this decay mode are sublead- 



ing and recently estimated to be well below 10% [57 , 
perturbative QCD corrections are the most important 
corrections. Within a global effort, a perturbative QCD 
calculation to the next-to-next-to-leading-logarithmic or- 
der level (NNLL) has been performed and has led to the 
first NNLL prediction of the B — >• X s ^ branching frac- 
tion [58 with a photon cut at E 1 = 1.6 GeV (including 
the error due to nonperturbative corrections): 



BR(B X s7 )nnll = (3.15 ± 0.23) x 10" 



(15) 



Using updated input parameters from PDG in particular 
for the quark masses and the CKM elements, the central 
value is shifted to 3.08 x 10 -4 . The combined experimen- 
tal data by HFAG leads to [59] 



BR(B X s7 ) = (3.43 ± 0.21 ± 0.07) x 10" 



(16) 



where the first error is combined statistical and system- 
atic, and the second is due to the extrapolation in the 
photon energy. Thus, the SM prediction and the exper- 
imental average are consistent at the 1.2a level. As a 
consequence, the B — » X s j has very restrictive power on 
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FIG. 17: Integrated luminosity of the B factories. 



the parameter space of NP models. Recently, the first 
practically complete NLL calculation of this decay in the 
MSSM has been finalised fd0\\61\. 

The inclusive semi-leptonic decay B — >• X s £+£~ could 
in principle play a similar role in the NP search. The 
NNLL QCD calculation has been finalised some time ago 
and even electromagnetic corrections have been calcu- 
lated recently. The theoretical accuracy is of order of 
10% [62 ]. However, unfortunately the latest measure- 
ments of this inclusive decay mode of the B factories 
stem from 2004 in case of BaBar based on 89 x 10 6 BB 
events [63] and from 2005 in case of Belle based on 
152 x 10 6 BB events [64 . As the graph of the integrated 
luminosity (Figure [l7| shows these numbers of events 
correspond to less than 30% of the data set available at 
the end of the B factories. It would be highly desirable 
that new analyses are worked out which are based on the 
complete data sets. For further details on inclusive pen- 
guin decays we refer the reader to the recent mini-review 
on penguins [65] . 



B. New physics in B — »> tv? 

For some time there has been a tension between the 
direct measurement and the indirect fit of the branching 
ratio BR(B — >• tv) at the 2.8a level. Moreover, as was 
pointed out by the CKMfitter group [8 , there has been a 
specific correlation between sin f3 and BR(B — >> tv) which 
is also a bit at odds, see Figure [18] Obviously the mea- 
sured value of sin f3 has been too low, while the one of 
BR(B — ^ rv) has been too large. Interestingly, this ten- 
sion could have been solved by a negative NP mixing 
phase in the B& system, <1>^ < 0. 

In principle, one could think that this tension could 
also be solved by a NP contribution to BR{B — >> rv) 
induced by a charged Higgs in the popular Two-Higgs 
Doublet model of Type II, see left diagram in Figure 19 
In the later model the SM branching ratio gets modified 



in the following way: 

BR[B tv) = BR SM x ( I 



nil 



m 



tan 2 /3 



H+ 



(17) 



But for the allowed values of the ratio of the quantity 
tan f3 and the charged Higgs mass m H + due to constraints 
by other flavour data one only gets a reduction compared 
to the SM branching ratio. 

However, Belle has recently presented a new measure- 
ment with new data and an improved analysis method in- 
cluding also a reanalysis of the old data which shows a sig- 
nificant lower value in good agreement with the global fit, 
while the new Babar measurement confirms the old high 
value. The various measurements are shown in Figure [20] 
As a result the indirect fit prediction for BR(B — ^ tv) 
and direct measurements presently deviate by 1.6<j only, 
see Figure fl8j 

More recently a similar tension has showed up in B — >• 
Dtv and B — >• D*tv. Based on its full data sample, 
Babar has reported an improved measurements of the 
specific ratios [66] : 

K r/£ = BR(B -> Dtv)/BR(B -> D£v) (18) 

= 0.440 ±0.058 ±0.018 

H* T/l = BR(B -> D*tv)/BR(B -> D*lv) (19) 

= 0.332 ±0.024 ±0.018. 

They exceed the SM expectations by 2.0cr and 2.7a, re- 
spectively [67H69] . 

These ratios are rather sensitive to new physics contri- 
butions because the hadronic form factors tend to cancel. 
For example, they are sensitive to the charged Higgs, see 
right diagram in Figure [19] But again the THDM-II does 
not offer a consistent explanation of the two ratios; for 
the allowed values of tan/3/m#+, one finds an explana- 
tion for 1Z but not for 7Z* . As shown in Ref. [70], a 
consistent explanation of both ratios is possible in the 
THDM of type III. Interestingly, the authors of Ref. [71] 
argue that MFV (see next section) is disfavoured as ex- 
planation of this anomaly and spot various models with 
general flavour structures for it. Since the current result 
still suffers from large systematic uncertainty due to the 
background, the updated BaBar results and confirmation 
from Belle are awaited to clarify the situation. 



IV. MFV BENCHMARK 

At this stage of the NP search using rare B and kaon 
decays, it makes sense to analyse the impact of the mea- 
surements within the framework of minimal flavour viola- 
tion (MFV). The hypothesis of MFV [72H75]. is a formal 
model-independent solution to the NP flavour problem. 
It assumes that the flavour and the CP symmetries are 
broken as in the SM. Thus, it requires that all flavour- 
and CP-violating interactions be linked to the known 
structure of Yukawa couplings. A renormalisat ion- group 
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FIG. 18: Correlation of BR(B rz/) and sin/3 based on Pre-ICHEP12 data (left) and on ICHEP12 data (right); cross 
corresponds to the experimental values with la uncertainties [8]. 





FIG. 19: Tree contributions to BR(B rv) (left) and to BR(£ Drz/) (right). 
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FIG. 20: ICHEP12 data: various measurements of BR(B 
tis) with the new world average, courtesy of M. Nakao. 



invariant definition of MFV based on a symmetry princi- 
ple is given in Ref. [74] ; this is mandatory for a consistent 
effective field theoretical analysis of NP effects (for a re- 



cent mini-review see Ref. [76 J. 

The MFV hypothesis represents an important bench- 
mark in the sense that any measurement which is incon- 
sistent with the general constraints and relations induced 
by the MFV hypothesis unambiguously indicates the ex- 
istence of new flavour structures. Moreover, compared 
with a general model-independent analysis as presented 
in Ref. [35j [77J [78] , the number of free parameters is heav- 
ily reduced due to the additional MFV relations. Indeed 
there are two strict predictions in this general class of 
models which have to be tested. First, the MFV hypoth- 
esis implies the usual CKM relations between b — >• s, 
b — » and s — >• d transitions. For example, this relation 
allows for upper bounds on NP effects in BR(5 — >• Xdj), 
and BR(5 — >> X s vv) using experimental data or bounds 
from BR(5 — >• X 3 j), and BK(K — >> ix^vv), respectively. 
This emphasises the need for high-precision measure- 
ments of b — » s/d , but also of s — >• d transitions such 
as the rare kaon decay K — » nvv. The second predic- 
tion is that the CKM phase is the only source of CP 
violation. This implies that any phase measurement as 
in B — )> (j)K s or AMg (s/d) is not sensitive to new physics. 
This is an additional assumption because the breakings 
of the flavour group and the discrete CP symmetry are in 
principle not connected at all. For example there is also 
a renormalisation-group invariant extension of the MFV 
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concept allowing for flavour-blind phases as was shown 
in Ref. [79]; however these lead to nontrivial CP effects, 
which get strongly constrained by flavour- diagonal ob- 
servables such as electric dipole moments [79] . So within 
the model-independent effective field theory approach of 
MFV we keep the minimality condition regarding CP. 
But in specific models like MSSM the discussion of ad- 
ditional CP phases within the MFV framework makes 
sense and can also allow for a natural solution of the 
well-known supersymmetric CP problem, see for exam- 
ple Refs. [80] EE]. 

The application of the MFV hypothesis to the MSSM 
offers two attractive features. Most interestingly, the 
MFV hypothesis can serve as a substitute for R-parity 
in the MSSM [82] [83]. MFV is sufficient to forbid a 
too fast proton decay because when the MFV hypoth- 
esis is applied to R-parity violating terms, the spurion 
expansion leads to a suppression by neutrino masses 
and light-charged fermion masses, in this sense MFV 
within the MSSM can be regarded as a natural theory 
for R-parity violation. Secondly, the MFV framework 
is renormalisat ion- group invariant by construction, how- 
ever, it is not clear that the hierarchy between the spurion 
terms is preserved when running down from the high scale 
to the low electroweak scale. Without this conservation 
of hierarchy, the MFV hypothesis would lose its practi- 
cability. However, as explicitly shown in Refs. [84, 85], a 
MFV-compatible change of the boundary conditions at 
the high scale has barely any influence on the low-scale 
spectrum. 

It is worth mentioning that the MFV hypothesis solves 
the NP flavour problem only formally. One still has to 
find explicit dynamical structures to realise the MFV 
hypothesis like gauge- mediated supersymmetric theories. 
And of course the MFV hypothesis is not a theory of 
flavour; it does not explain the hierarchical structure of 
the CKM matrix and the large mass splittings of the SM 
fermions. 

We stress that the MFV hypothesis is far from being 
verified. There is still room for sizeable new effects, and 
new flavour structures beyond the Yukawa couplings are 
still compatible with the present data because the flavour 



sector has been tested only at the 10% level especially in 
the b — >• s transitions. 

Based on the recent LHCb data a new analysis of 
rare decays within the MFV effective theory was pre- 
sented [86] . Here we update that analysis using the lat- 
est LHCb result for BR(B S and the new HFAG 
world average for BR(B — > X s j). 

Within the MFV effective Hamiltonian one singles out 
only five relevant b — » s operators (and also b — >• d oper- 
ators with obvious replacements): 



njb—ts 



-^£-[v: s v ub (CfP? + cZP2) 

+K;v cb (c 1 c p 1 c + c 2 c p 2 c )] 

10 



(20) 



4G 



+ VZVtbCfiPi + V t * s V tb CX + h.c. 
where the relevant operators are 



Pi = 


e 

16tt 2 




9s 
16tt 2 


P9 = 


e 2 
16tt 2 


Pio = 


e 2 
16tt 2 


pi _ 

M) — 


e 2 
16tt 2 



(21) 



The NP contributions to the corresponding Wilson coef- 
ficients can be parametrised as: 

-yMFV £*SM 



(22) 



We scan over 5C$, SCq, SCiq and 5Cq in order to 
obtain constraints on the Wilson coefficients based on the 
experimental results. Consecutively, for each point, the 
flavour observables are computed with Superlso [87] l88]. 
The obtained values are compared to the experimental 
results by calculating the x 2 in the usual way and the 
global fits are obtained by minimisation of the y 2 . 

The individual constraints from the new BR(5 — >• 
X s j) and BR(£? S — >> /i + results are displayed in Fig- 
ure 21 As compared to the previous constraints in [86] . 
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Observable 


Experiment (post-LHCb) 


Experiment (pre-LHCb) 


SM prediction [88] 


BR(B S 


(3.2 t\ A 2 tg;f ) x 10-9 E] 


< 5.8 x 10~ 8 [89] 


(3.53 ±0.38) x IO" 9 


(dBR/dq 2 (B -+ K* q 2 eMGeV 2 


(0.42 ± 0.04 ± 0.04) x IO" 7 [90] 


(0.32 ± 0.11 ± 0.03) x IO" 7 [91] 


(0.47 ±0.27) x IO" 7 


{dBR/dq 2 (B -> i^*/i + M")> q 2 e[1 4. 18jl6lGe v2 


(0.59 ± 0.07 ± 0.04) x IO" 7 [90] 


(0.83 ± 0.20 ± 0.07) x 10~ 7 [91] 


(0.71 ±0.18) x IO" 7 


(A FB (B ^*M + M")>g2 e[1)6lGeV 2 


-0.18 ±0.06 ±0.02 [90] 


0.43 ±0.36 ±0.06 91] 


-0.06 ±0.05 


(Afb(B — >• K* [1^ \1~ ))g2 e ^ 1 4 -18)16 jQ e Y2 


0.49 ±0.06 ±0.05 90] 


0.42 ±0.16 ±0.09 jJQ 


0.44 ±0.10 




4.9+H GeV 2 [90] 




4.26 ± 0.34 GeV 2 


(F L (B — >- If */i+/i _ ))„2^ri fiir^ V 2 


0.66 ±0.06 ±0.04 90] 


0.50 ±0.30 ±0.03 91] 


0.72 ±0.13 


BR(B -+ X sl ) 


(3.43 ± 0.21 ± 0.07) x 10~ 4 [59] 


(3.43 ± 0.21 ± 0.07) x 10~ 4 [59] 


(3.08 ±0.24) x 10~ 4 


Ao(B^K^) 


(5.2 ±2.6) x IO" 2 [59] 


(5.2 ±2.6) x IO" 2 [59] 


(8.0 ±3.9) x IO" 2 


BR(B -+ X dl ) 


(1.41 ±0.57) x IO -5 [92] [93] 


(1.41 ± 0.57) x 10~ 5 [92] [93] 


(1.49 ±0.30) x IO" 5 


BR(B -> ^ S M + M")g2 e[1)6]GeV 2 


(1.60 ±0.68) x IO" 6 63 |64] 


(1.60 ±0.68) x IO" 6 63 164] 


(1.78 ±0.16) x IO" 6 




(4.18 ± 1.35) x IO" 7 [631164] 


(4.18 ± 1.35) x IO" 7 [63] [64] 


(2.19 ±0.44) x IO" 7 



TABLE I: Post- and pre-LHCb results for rare decays with the updated SM predictions. 
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FIG. 22: Global MFV fit to the various NP coefficients Sd in the MFV effective theory without (upper panel) and with 
experimental data of LHCb (lower panel). 



the region favoured by BR(5 — » X s j) is only slightly 
shifted, and the constraints from the upper bound of 
BR(£? S — > weakened while the lower bound now 

excludes the central region. 



Two global MFV fits are given in Figure 22 to make 
the significance of the latest LHCb data manifest. In 
the first row, the experimental data before the start of 
the LHCb experiment are used (pre-LHCb), while the 
plots in the second row include the latest LHCb mea- 
surements (post-LHCb), as given in Table [TJ Here C 8 
is mostly constrained by B — >• X s ^7, while CV is con- 
strained by many other observables as well. Cg is highly 
affected by b — >• (inclusive and exclusive). Cio 

is in addition further constrained by B s — >• /i + \i~ . The 
coefficient Cq of the scalar operator is dominantly con- 
strained by B s — > /i+ ji~ . There are always two allowed 
regions at 95% CL. in the correlation plots within the 
post-LHCb fit; one corresponds to SM-like MFV coef- 
ficients and one to coefficients with flipped sign. The 



allowed region with the SM is more favoured. The vari- 
ous JQ-correlation plots show the flipped-sign for CV is 
only possible if Cg and C\q receive large non-standard 
contributions which finally also change the sign of these 
coefficients. With the help of the results of the global fit, 
which restricts the NP contributions SCi, we can now de- 
rive several interesting predictions for observables which 
are not yet well measured. This analysis also allows to 
spot the observables which still allow for relatively large 
deviations from the SM (even in the MFV benchmark 
scenario). The following MFV predictions at the 95% 
CL. are of particular interest: 

1.0 x IO" 5 < BR(B X dl ) < 4.0 x IO" 5 , (23) 
BR(B d -> n+fi-) < 3.8 x IO" 10 . (24) 

The present experimental results are [44} 192 } [93] : 

BR(5 -> X d7 ) Exp . = (1.41 ± 0.57) x IO" 5 , (25) 
BR(B d -+ /i+/i-) E xp. < 9.4 x IO" 10 . (26) 
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So the present B —> X^J measurement is already below 
the MFV bound and is nicely consistent with the corre- 
lation between the decays B — » X s j and B — » X^a pre- 
dicted in the MFV scenario. In the case of the leptonic 
decay Bd —> however, the MFV bound is stronger 

than the current experimental limit. Moreover there are 
still sizeable deviations from the SM prediction possible 
within and also beyond the MFV bound but an enhance- 
ment by orders of magnitudes (i.e. due to large tan/3 
effects) is already ruled out by the latest measurements. 
Clearly, a measurement of B^ — » /i + \i~ beyond the MFV 
bound would signal the existence of new flavour struc- 
tures beyond the Yukawa couplings. 



THDM Type 2 




300 400 
M H+ (GeV) 



600 



V. OUTLOOK AND FUTURE OPPORTUNITIES 

Many efforts have been deployed in the past in or- 
der to calculate as precisely as possible the low energy 
observables from flavour physics. This global effort led 
to a very satisfying situation now as we have access to 
several observables for which the theoretical predictions 
have reached high levels of accuracy. The reliability of 
the results from flavour physics (as compared to the other 
indirect searches such as in the dark matter sector where 
strong astrophysical and cosmological assumptions are 
needed) makes the flavour observables the premier ac- 
tors in the search for indirect NP effects. Rare B decays, 
and in particular b —> 57 are the main assets here. Also, 
the fact that multiple observables are available offers the 
opportunity for important cross checks. 

In addition, any discovery at a high experiment 
must be consistent with the measurement from flavour 
experiments - the contrary would indicate an inconsis- 
tency in the theory. The role of flavour physics is there- 
fore very important in the LHC era. 

An example of the interplay between flavour con- 
straints and LHC direct search results is displayed in Fig- 
ure|23]for the THDM type II, where BR(b -> 57) excludes 



the charged Higgs mass below 345 GeV for any value of 
tan/3. BR(£? — » rv) on the other hand constrains more 
strongly larger values of tan (3. These constraints can be 
compared to the latest limit from the direct searches of 
the charged Higgs boson by ATLAS [94] (dashed white 
line), where flavour constraints are clearly stronger, or 
with the CMS limit from direct H/A —> t + t~ searches 
[95] (solid white line) where one notices the consistency 
and complementarity of the direct and indirect results. 
Another concrete example is the understanding of the 
newly discovered Higgs-like particle properties where im- 
posing consistency with the b — ^ 57 and B s — » 
results allows to discriminate between some of the un- 
derlying hypotheses. 

We know that the stabilisation of the electroweak sec- 
tor needs a nontrivial flavour structure which still has to 
be clearly identified. In spite of the fact that the first two 
years of high-statistics measurements of LHCb have not 
found any NP in FCNCs, still sizeable deviations from 



FIG. 23: Constraints from flavour observables in the THDM 
type II in the plane (m H + , tan /3). 



the MFV scenario are possible in various flavour observ- 
ables. Thus, higher precision is needed to separate small 
deviations from the MFV benchmark. 

Also in other future scenarios for particle physics, 
flavour physics will be important. For example, in case 
no NP is discovered next to one scalar Higgs particle, 
the flavour precision experiments may show us the way 
to the NP energy scale. FCNCs provide indirect informa- 
tion about scales which are not accessible by the direct 
search. 

There are great experimental opportunities in flavour 
physics in the near future which will push the experimen- 
tal precision to its limit. There are B physics programs at 
LHC at all three experiments at CERN. Especially LHCb 
will collect five times more data than the present data set. 
The copious production of all flavours of B mesons at the 
LHC, together with the unique particle-identification ca- 
pabilities of the LHCb detector, makes it possible to in- 
vestigate a wide range of decay channels that have not 
been accessible to previous experiments. Most of them 
have been discussed in this report like the CP-violating 
phase j3 s , and searches of new physics effects via the rare 
decay modes B — >> K* and B s — » /i/i, but also the 
measurement of the unitarity angle 7 and B s — >• (jxj). An 
upgrade of the LHCb experiment with a final integrated 
luminosity of 5 fb _1 to 50 fb _1 is planned and already 
approved [96 . 

There are also forthcoming experiments measuring rare 
K decays such as K + — >• tt^uu and Kl — > 7r°uu [971 EE] 
which are extremely sensitive to possible new degrees of 
freedom and are largely unexplored. 

In addition, two Super- factories, Belle II at KEK [99], 
HQQj and SuperB in Italy [101-103 , have been approved 
and partially funded to accumulate two orders of mag- 
nitude larger data samples. The Super- factories are 
actually Super- Flavour factories (SFF): Besides precise 
B measurements - for example, the present experimen- 
tal error of BR(£? — >> rv) discussed above will be reduced 
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from 20% down to 4% improving the NP reach of this ob- 
servable significantly - the SFF allow for precise analyses 
of CP violation in charm and of lepton flavour- violating 
modes like r — >• /ij (see Ref. |105j ). The results will 
be highly complementary to those on several important 
observables related to B s meson oscillations, kaon and 
muon decays that will be measured elsewhere. 

Most important are the opportunities of a SFF for lep- 
ton flavour physics. The sensitivity for r physics is far 
superior to any other existing or proposed experiment, 
and the physics reach can be extended even further by the 
possibility to operate with polarised beams. The study of 
the correlation of neutrino properties with flavour phe- 
nomena in the charged- lepton and in the quark sector, 
e.g. charged-lepton flavour violation, is also an impor- 
tant target. Pushing the present limits on \i <H> e and 



ji o r transitions might lead to important insight. The 
combined information on /i and r flavour violating decays 
that will be provided by the MEG experiment |104j to- 
gether with a SFF [105] may shed light on the mechanism 
responsible for lepton flavour violation. 
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